Abstract-In this paper, we report a system that uses a microsphere to induce a photonic nanojet to directly write on a sample surface with sub-diffraction limit resolution, while simultaneously observing the writing processing in situ. Because of diffraction limit, sub-wavelength laser processing resolution has been difficult to achieve. Recently, we have shown that a microsphere-induced photonics nanojet could be used to create an optical light spot size beyond the diffraction limits, i.e., the diameter of the light spot could be reduced to −200 nm or smaller. This capability could allow a laser (with significant reduction in input power) to pattern nano-scale structures on various substrate materials through the use of microspheres. Many researchers have attempted to use this photonic nanojet (PNJ) based technique to process sub-diffraction limit patterns on all types of materials. However, applying this method to process features at precise locations is very difficult, because the technique requires that a sample being "cut" by the PNJ be observed by a common optical microscope, which cannot resolve features smaller than the optical diffraction limit. This disadvantage limits the applicability of this novel method to nanoscale processing; for example, in trimming resistors in an integrated circuit chip, many circuit components on the chip are much smaller than 200 nm, and not being able to see features beyond the diffraction limit will inadvertently destroy many components while PNJ is used to trim resistive elements. We will show in this paper that processing resolution better than 200 nm is achievable using our laser-based photonic nanojet method, whereas a simultaneous imaging resolution of less than λ/2 could be obtained. Therefore, the method presented in this paper has potential applications in processing sub-diffraction features and bio-specimens in real time with optical information feedback.
I. INTRODUCTION

D
EMAND for micro/nano devices and structures has increased significantly because of their unique size-related properties. Among micro-and nano-scale fabrication technologies, laser-based systems are some of the most versatile tools for creating 2D and 3D structures [1] . For instance, lasers can be used to write directly and efficiently on a substrate without contact or requiring special chemicals. In addition, direct laser writing is probably the most flexible "material subtraction" micro/nano fabrication process as it does not require photolithographic steps and has been demonstrated to be effective on many types of substrates, including resin [2] , glass [3] , [4] , metal [5] , [6] , photoresist [7] , [8] , and etc. A summary of the state-ofthe-art laser-based processing techniques and their fabrication resolution limit is shown in Table I below.
Because of optical diffraction-limit effects, continuous laser processing has been restricted by resolution limitations, i.e., resolutions better than 200 nm have been difficult to achieve. Several methods have been applied to improve laser processing resolution, including ultrafast laser processing [9] - [12] , nearfield effects [13] - [17] , and proper sample material selection [18] , [19] . Currently, femtosecond lasers are widely used in industry as a noncontact method for fabricating micro-devices [20] - [22] or realizing surface micro-structures [23] , [24] . Femtosecond laser processing is performed using two methods: 1) directly "cut" into a substrate and form a sample whose resolution would be significantly influenced by laser spot size, and 2) processing a photoresist into either 2D or 3D micro/nano structures. Nevertheless, femtosecond laser-based methods require very complex and costly equipment, and these methods use laser spots that typically cannot be focused to be smaller than 200 nm in diameter due to optical diffraction limits.
Laser-based "photonic nanojets" is a novel type of micro/nano direct fabrication processing method. The concept of "photonic nanojet" (PNJ) was discussed as early as 15 years ago. For example, Chen et al. [25] have demonstrated that the full width at half maximum (FWHM) of the photonic nanojet could be less than the diffraction limit in 2004. The light intensity of the photonic nanojet could be several times higher than that of incident light. Because of the outstanding optical features of the photonic 1536-125X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. nanojet, major research efforts have been devoted to taking advantage of it in many fields [26] - [30] . Many of those efforts have set microspheres directly on a surface and focused lasers on the microspheres. Thus, feature resolution could be improved. However, the processed feature is not very flexible, and the feature can only be created at a fixed location, (typically, the contact point between the microsphere and surface). Moving the microsphere with light trapping is a useful technology for processing a surface at an expected location. Another way to move a microsphere is to fix the microsphere on an atomic force microscopy (AFM) probe [31] . This allows the microsphere to move precisely along a set route. While in the two methods, the microspheres should be small enough so that they could be controlled conveniently, which requires the laser spot should as small as the microsphere. Additionally, the processed feature processed could not be predicted and observed in situ, because the microsphere is not at the location for super resolution imaging.
In many applications, a system that combines real time in situ observation and processing is required, for instance, when cutting sub-diffraction-limit features or machining moving samples. Thus, the timeliness of testing samples would decrease greatly. Therefore, specimen processing efficiency and real-time status observation would be enormously increased.
Researchers have demonstrated that a microsphere could act as a super lens for collecting an evanescent wave and transforming it into a propagation wave, resulting in super resolution imaging [32] - [38] . When a microsphere was moved on a surface, steady super resolution could still be performed. That suggests the possibility of using only a microsphere to combine super resolution processing and imaging in a simple system.
Here, we present a novel method of photonic nanojet subdiffraction processing, based on a microsphere super-lens, which is combined with in-situ super-resolution imaging capabilities. The microsphere has two main properties in optical fields, which are super resolution imaging and beam focusing. The simulation results for the photonic nanojet created by silica microspheres using a finite-difference time-domain (FDTD) computational technique is presented, to help elucidate the mechanisms behind the experimental observations. We summarize the fabrication results obtained for a gold electrode substrate, as well as the imaging of the processing course. The resolution and processing parametric trends are analyzed.
II. METHODS
The proposed system must combine super resolution imaging capacity with the ability to harmonically induce photonics nanojet for processing using one super lens as Fig. 1 shows.
Super resolution imaging requires a microsphere to be set above the sample within one wavelength. This allows the microsphere to collect the evanescent wave and transform it into propagation wave, results in imaging of the high-frequency sample surface information. To achieve a smaller laser beam, the laser focuses on the microsphere. Then, a photonics nanojet with a sub wavelength FWHM arise on the back side of the microsphere, via which submicron processing can be achieved. A super lens can collect the evanescent wave of a sample. This allows a super lens to realize optical super resolution imaging, because the evanescent wave can only spread within one wavelength on the sample surface. Therefore, the distance between the super lens and sample should be shorter than one wavelength of incident light.
The microsphere is attached to the top of a tungsten probe, which is fixed to a mobile platform. By controlling the platform, the location of the super lens can be adjusted. The super lens collects the evanescent wave of the sample and transforms it into a propagation wave. Fig. 2 shows the whole light path of experimental system. The objective lens is used for imaging, and can simultaneously shrink the incident laser. The propagation wave spreads through a beam splitter, and a long-pass dichroic mirror, which could prevent wavelengths under 605 nm from passing through. In the end, the propagation wave spreads into the camera for imaging. To combine the capacity of laser processing of super lens, a light path for the laser is built. In laser-induced photonic nanojet processing, a light path has four parts: an incident laser source and components for shrinking laser, a mobile platform for controlling the specimen being processed, and a mobile platform for clamping the microsphere. The wavelength of the laser is 532 nm, and its power ranges from 0 to 300 mW. After being emitted by the laser system, the laser passes through a pair of convex lenses. Then, it passes through a concave lens, which shrinks the incident beam. A dichroic mirror is used to change the incident angle so that the specimen is irradiated from the top, and a 50× objective lens is used for both imaging and focusing the laser. The laser spot is approximately 10 µm in diameter, and irradiates the microsphere through the light path. The silica microsphere, which is 30 µm in diameter, is adhered to a tungsten-tipped probe using a UV-curable adhesive. The mobile platform fixes the probe and controls the location of the microsphere. The processed specimen, a gold electrode 40 nm thick, was fixed to an additional mobile platform. The distance between the microsphere and the gold electrode was primarily controlled using this second platform.
III. RERULTS AND DISCUSSION
A. Simulation of Photonics Nanojet
Prior to experiments, the parameters of the microsphereinduced photonics nanojet should be investigated. Typically, such parameters are acquired via simulations. The whole simulation system is shown in Fig. 3(a) : an incident laser 10 µm in diameter is focused at the microsphere set in the air. The silica microsphere is 30 µm in diameter and is located less than one wavelength from the sample surface. When the laser spreads through the microsphere, a photonics nanojet arises on the back side of the microsphere, as shown in Fig. 3(a) . Fig. 3(b) shows the laser intensity in the center axial direction of the microsphere; in this figure, 0 indicates the microsphere center, whose boundaries are located at 15 and −15 µm. The peak force appears at 22.1 µm. The laser would interference with reflected laser to result in the highly oscillatory phenomenon around 10 um distance. Fig. 3(c) shows a section view of the laser spot on the sample surface. The FWHM is approximately 2.2 µm, which is significantly smaller than the incident laser diameter. The intensity of FWHM is approximately 6.8 times higher than that of an incident laser as Fig. 3(d) shows. These properties should play an effective role in super resolution processing at low power.
B. Super Resolution Imaging Results
Several research groups world-wide have already demonstrated that with a super-lens, optical microscopy could exceed the diffraction limits, because the super-lens could transform evanescent waves into propagation waves (see [38] for example). Super-lenses are typically constructed from three types of materials: silica, polystyrene (PS), and BaTiO3 glass. Super lenses constructed from BaTiO3 glass can only be used in water, while the other two types can only be used in air. In this study, we used a silica super lens. The imaging quality is relative to the diameter of a super lens. A silica super lens can collect evanescent waves, from which detailed sample surface information can be obtained. Evanescent waves only spread along sample surface within a wavelength; then the super lens transforms the evanescent wave into a propagation wave, which can be collected by an optical microscope as shown in Fig. 4(a) . Therefore, super resolution imaging can be achieved. A gold electrode with a 10 µm width is used to observe the magnification factor of the super lens, as shown in Fig. 4(b) . When a super lens is located on the gold electrode within one wavelength, a magnification factor of 2.5-2.8 can be achieved, as shown in Fig. 4(c) . To investigate superlens resolution, a 200-nm wide channel is processed on a gold thin film by AFM. This channel could not be clearly observed by optical microscope, as shown in Fig. 4(d) . In contrast, when a microsphere was added to the thin film, the channel could be recognized clearly (see Fig. 4(e) ). The IC chip also includes many features with sizes under half the incident light wavelength. These could not be directly observed by optical microscopy, as Fig. 4(f) and (g) show. The SEM results indicate that this area contains periodic stripes every 300 nm, as shown in Fig. 4(h) . When the silica super lens is located on the sample and the piezo mobile platform is used to adjust the height of the super lens is above the sample surface within one incident light wavelength, the period features could be observed by optical microscopy through the super lens. This is shown in Fig. 4(i) . The field of view is approximately 5 µm, which is very useful for observing the overall image of a large sample. In all tests, the silica microspheres were 30 µm in diameter, and the super resolution imaging was performed in air.
C. Laser Processing on Gold Electrodes
Laser etching is an important processing method in micro/nano fabrication. The size of a laser spot has a significant impact on the size of the processed feature-smaller laser spots can create more precise processed structures. With a super lens, the beam spot can be focused at the subwavelength scale. In addition, if the field intensity of the beam spot is several times stronger than incident light, both capacities could vastly increase laser processing quality.
Beam spots typically arise some microns away from the super lens along the light spread axis. The distance between the super lens and focus changes when the microsphere diameter changes. Under the most ideal conditions, the focus of the laser coincides with the sample surface, producing optimal image and processing qualities. However, the simulation results show that if the diameter of the super lens is 30 µm, then the focus of the laser is 7.1 microns away from the super lens. Because super resolution imaging requires that the sample and super lens be located less than one incident wavelength apart, such a system are SEM images of the processed Au electrode when the speed of the mobile platform (i.e., the laser spot is fixed while the electrode is moved relative to the laser spot using a micromanipulation platform) increases from 10 to 110 µm/s at intervals of 20 µm/s. (g) shows when the platform moving speed increases from 10 µm/s to 110 µm/s, the width of processed "channel" would decrease as the platform speed is increased. Scale bar is 1 um in the SEM images. cannot achieve the requirements of super resolution imaging and processing. To make both capacities work together simultaneously, the laser should be properly adjusted. A pair of convex and concave lenses are set along the laser axis to shrink the laser beam. When the focus of both lenses coincides, the laser spot is reduced to one eighth its original size, and is parallel to the original beam. By changing the distance between these two lenses, the laser would be focused only on the super lens. This would effectively increase processing quality effectively. Before etching, the system should be adjusted to realize super resolution imaging. Next, the location of the super lens is fixed. During processing, the super lens does not move at all; instead, the sample is moved to etch the expected pattern. The sample used in the processing experiments is a gold electrode 50 nm thick, on a silica substrate. The initial experimental results show that two factors greatly influence the quality of the etching: laser power, and platform moving speed. Therefore, two groups of linear structure processing experiments have been performed, to assess their effects on processing quality.
In order to study the influence of laser power, the mobile platform speed was kept constant at 35 µm/s. The power of laser increases from 50 mW to 100 mW by 15 mW. The width of the processed channel is used as the metric of quality. Fig. 5 shows the results for a gold electrode processed with 30 µm diameter silica microspheres. Each power experiment was repeated seven times. These repetitions were divided into three groups of experiments repeated, two, two, and three times. This was done to reduce accidental error. SEM images were acquired and were used to measure the width of "channel" or gap processed on gold (Au) electrodes.
This figure indicates that the laser power and width increase simultaneously. There is an appropriate linear relationship between these two groups of data. When the power of the laser is as low as 60 mW, the width could decrease to 150 nm, which is less than one third of the incident laser wavelength (532 nm).
As contrast to the above experiments, the power of the laser is fixed at 65 mW, and the speed of the mobile platform increases from 10 to 110 µm/s at intervals of 20 µm/s. The width of the processed channel is used as a metric of quality. Fig. 6 shows the results for processing a gold electrode with 30 µm diameter silica microspheres. Each power experiment was repeated seven times. These repetitions were divided into three groups of experiments repeated, two, two, and three times, to reduce accidental error. SEM was used to measure channel width as shown in Fig. 6 . This figure indicates that as speed decreases, width increases.
The width does not vary greatly. When the mobile platform speed increases to 70 µm/s, the width decrease to 300 nm. However, at speeds above 110 µm/s, the processed channel becomes discontinuous.
The appropriate speed range was confirmed to be 30 to 70 µm/s. When combined with laser power data, proper processing parameters could be obtained.
Simple linear structures are not of great significance in microfabrication. Therefore, an additional complex pattern was processed to inspect the capacity of this system. A 'SIΛ' pattern was processed on a gold electrode.
During processing, the status of the electrode could be fully observed through the use of microsphere-induced super resolution. Fig. 7 shows different states that occurred during the processing of SIΛ. The whole course lasted 3.5 s. Eight photos were taken to document the procedure. A sample processing video is present in the appendix.
The pattern is processed by moving the sample via a mobile platform. A program is written to control the motion of the platform, to produce the desired pattern. Throughout processing, the microsphere is fixed and the laser maintains its power, producing the results shown in Fig. 8(a) . This figure shows the SEM results for the processed pattern on a gold electrode. With the help of a shutter, three letters are separated from one another as shown in Fig. 8(a) . By changing parameters, the appropriate laser power (80 mW) and moving speed (60 µm/s) are confirmed. With these parameters, a pattern with a width of 210 nm could be processed on a gold electrode. This is significantly smaller than half of the incident laser, meaning that super resolution processing could be performed with the help of a microsphere. The AFM results shown in Fig. 8(b) indicate that the whole structure is continuous and uniform. In addition, from a cross-sectional view of Fig. 8(b) , it can be seen that the processed structure is completely above the sample surface. The center of the structure occurs below the structure's top surface. When the power of the laser increases to 180 mW, a channel structure could be processed with a minimum width of 190 nm. This is shown in a cross section view of Fig. 8(c) . In conclusion, for a gold electrode with a shutter, a 200-nm width pattern can be created by controlling the proper parameters. This width is smaller than half the laser wavelength.
IV. CONCLUSION
In this paper, we proposed a novel method for using a silica microsphere to combine super-resolution laser processing and real time in situ super-resolution imaging. A microsphere approximately 10 µm in diameter could perform both imaging and processing with resolutions beyond the optical diffraction limit, but the field of view of microsphere would be not practical for many applications. As a compromise, we used microspheres of 30 µm in diameter to demonstrate simultaneously the below the diffraction-limit laser patterning and super-resolution imaging capabilities of this proposed technology. Our simulation results also indicated that this size of microsphere could achieve the expected experimental goals. Such microspheres were used to facilitate the patterning of super-resolution structures on various sample surfaces. This was achieved by adjusting the laser power and platform moving speed. Additionally, the AFM-imaging results showed that the width of the processed pattern could be as narrow as 190 nm. In addition, during all processing procedures, the status of the sample could be observed in real time by using the same microsphere. This means that a single 30 µm diameter microsphere could be used to achieve simultaneous super-resolution imaging and super-resolution patterning of nanoscale structures. This novel one-microsphere method enables super-resolution laser processing at a precise location. If a feedback module were applied in this system to locate the microsphere, processing resolution could be further improved. Potential applications of this method could be applied to processing features on the sub-diffraction scale, or could be used with mobile samples such as live bio-specimens.
